The proteome of Giardia duodenalis has been under study for the last 25 years and has lead to the discovery of valuable information on the biology and variation of the parasite.
Introduction
Proteomics is the study of the proteins within an organism or sub cellular fraction under a given set of conditions at a specific point in time. This protein complement is termed the proteome (Barrett, et al., 2000) . The tools used in proteomics have been available for the study of organisms since the 1970's, however it is only in the last ten years that its true potential has been demonstrated. Advances in genomics and computational biology have opened the proteome up for in-depth study. With the publication of an organisms genome it is now possible to identify proteins back to a gene in a very short period of time, using the latest mass spectrometry (MS) techniques and search algorithms (Aebersold and Mann, 2003) .
The techniques used in proteomics revolve around the separation of proteins and their subsequent identification. Separation can be performed in gel based systems, sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) or two dimensional PAGE (2D-PAGE), or using high performance liquid chromatography (HPLC). SDS-PAGE separates proteins on the basis of size. 2D-PAGE, separates proteins firstly by their isoelectric point and secondly by their size. HPLC utilises columns that retain proteins according to a physical or chemical property. By changing the conditions of the solution running through the column the proteins can be sequentially eluted (Wang and Hanash, 2003) . Multi-dimensional HPLC analysis is now being used extensively for large scale proteomic analysis and is commonly referred to as multi dimensional protein identification technology (MudPIT). This technique uses HPLC columns that separate the proteins according to different properties; fractions from the first column are placed onto a second column and then put through the MS workflow to identify proteins (Wang and Hanash, 2003) . MudPIT produces a large amount of bioinformatics data which needs to be processed. The HPLC system does identify more proteins than SDS-PAGE or 2D-PAGE; however no technique is able to identify all proteins (Wastling, et al., 2009 ).
Identification of proteins was originally performed using Edman degradation, however MS is now the primary tool for protein identification (for an in depth review see (Aebersold and Goodlett, 2001 , Aebersold and Mann, 2003 , Burlingame, et al., 1998 ).
With its ability to detect and identify individual proteins from whole cells, proteomics has gained popularity for the investigation of pathogenic organisms. Here proteomics is used to identify key proteins within the organism to understand taxonomy, cell biology, pathology, host response to infection and to identify novel drug and vaccine candidates.
The protozoan gastrointestinal parasite Giardia is one pathogen that has been subjected to proteomic analysis. There are six recognised species within the genus Giardia, with Giardia duodenalis being the only species able to infect humans, as such the majority of research has focused on this species (Adam, 1991) . Within the species G. duodenalis, there are seven distinct genetic groups, with assemblages A and B able to infect humans as well as a variety of other hosts, and the remaining five assemblages being more host specific (Thompson and Monis, 2004) . It is estimated that there are 2 million human infections with G. duodenalis in the United States of America annually, with 5,000 of these cases requiring hospitalisation (Mead, et al., 1999) . Due to problems with culturing, the majority of work conducted has been performed on isolates from assemblages A and B.
ACCEPTED MANUSCRIPT
With the completion of the Giardia duodenalis genome (Morrison, et al., 2007) an increasing number of proteomic studies are being published. Proteomics of G. duodenalis is not a new field, with many studies looking at protein variation and the structural proteins, published in the 1980's before genomic data became available. Proteomic studies of G. duodenalis can be split into three broad categories; 1) cell structure and biology, 2) host-parasite interactions and 3) protein variation between isolates. Although the level of investigation is not as far progressed as other parasitic species, e.g.
Plasmodium sp. , Nirmalan, et al., 2004 , Trypanosoma sp. (Paba, et al., 2004 , Parodi-Talice, et al., 2004 , van Deursen, et al., 2003 , Leishmania sp. (Acestor, et al., 2002 , Drummelsmith, et al., 2003 , El Fakhry, et al., 2002 , Nugent, et al., 2004 , Thiel and Bruchhaus, 2001 , Toxoplasma gondii and Cryptosporidium sp. there have been major inroads made into our understanding of the parasite.
Cell Biology

Cytoskeleton
Several studies have aimed to identify the proteins of the cytoskeleton of G. duodenalis trophozoites (Crossley and Holberton, 1983 , Crossley, et al., 1986 , Hernandez-Sanchez, et al., 2008 , Holberton and Ward, 1981 , Peattie, et al., 1989 . The first, by Holberton and Ward (1981) examined proteins extracted from the axonemes and adhesive disks of trophozoites, with two major proteins identified; one that co-migrated with tubulin and a second protein at around 30 kDa. A second study visualised 20 individual protein bands on SDS-PAGE ranging from >120 kDa to 17 kDa from similar cytoskeletal preparations (Crossley and Holberton, 1983) . Three proteins were identified on the basis of co-migration with known proteins, these being alpha and beta tubulin as well as actin. A new class of structural proteins that migrated at 30 kDa, the giardins, were also described based on the level of difference in amino acid composition when compared to both rat brain and G. duodenalis tubulin (Crossley and Holberton, 1983) .
This was the same protein band previously identified by Holberton and Ward (1981) . The name giardins was later used to include those cytoskeletal proteins that migrated between 29 and 38 kDa (Peattie, et al., 1989) , with the 30 kDa giardin designated as beta giardin. Peattie et al. (1989) continued work on the cytoskeleton of G. duodenalis with the first 2D-PAGE analysis. Nine individual proteins were separated with several proteins displaying multiple isoforms and a new sub class of the giardins was described, alpha giardin, which migrated at 33 kDa. The overall number of proteins and the molecular mass range was decreased when compared to the SDS-PAGE analysis of Crossley and Holberton (1983) , however this is not unexpected due to the difference in solubilisation techniques used in 2D-PAGE and SDS-PAGE (Rabilloud, 1996) . Sodium dodecyl sulphate is one of the most effective protein solubilisation agents; however it coats the protein molecules in a negative charge. This charge would interfere with the iso-electric focusing used in the first dimension of 2D-PAGE, which relies on proteins having no net charge at their pI, therefore ruling out SDS for protein solubilisation for 2D-PAGE. The buffers for 2D-PAGE must use zwitterionic detergents, which are not as effective at solubilising proteins, resulting in the decreased number of proteins visible in 2D-PAGE (Rabilloud, 1996) .
The work of Peattie et al. (1989) was later confirmed in a second investigation of the adhesive disk using 2D-PAGE . Seven separate proteins were identified including alpha and beta tubulin, alpha-1 giardin, beta giardin, delta giardin, gamma giardin and a new cytoskeletal protein, SF-assemblin like protein-1 (SALP-1) using MS . The expression of three cytoskeletal proteins during encystation was also examined by Palm et al. (2005) . Of the three proteins investigated (beta giardin, delta giardin and SALP-1) there was no marked change in protein abundance; however there was a significant decrease in the levels of mRNA detected for these proteins . This highlights a key point in proteomic studies that the level of mRNA is not always indicative of amount of protein within the system. Other regulatory factors can affect the translation of mRNA into its corresponding protein; therefore a change in the gene expression profile does not necessarily correlate with an increase in cellular protein levels (Gygi, et al., 1999 ). Proteomics measures the actual level of protein flux within a cell. This has recently been discussed in depth for the apicomplexa in a review by Wastling et al. (2009) .
Cell biology
Subcellular fractionation to identify the proteome of specific organelles has also been used for G. duodenalis. Studies have involved the encystation specific vesicles (ESVs) (Luján, et al., 1995 , Stefanic, et al., 2006 , the ribosomes (Shirakura, et al., 2001 ) and the 20S proteasome (Emmerlich, et al., 1999) . The ESVs of G. duodenalis trophozoites are produced after induction of encystation and contain the cyst wall proteins (CWP1, CWP2) as well as other proteins (Luján, et al., 1995) . Using 2D-PAGE, 16 separate proteins were identified from the ESV/Golgi fraction derived from encysting trophozoites. Proteins found included several alpha giardins, heat shock proteins, metabolic enzymes, components of the 20S proteasome and the trophozoite antigens, GTA-1 and GTA-2 (Stefanic, et al., 2006) . Neither CWP1 nor CWP2 were identified on the 2D-PAGE gel, however, their presence was confirmed using western blots analysis of ESV protein separated using SDS-PAGE. Again the solubilisation techniques needed for 2D-PAGE analysis were not enough to effectively solubilise the CWPs (Rabilloud, 1996) .
A recent study by Kim et al. (2009) has taken more of a global approach in studying the protein expression changes during encystment. 2D-PAGE protein maps of Giardia duodenalis trophozoites grown under normal conditions, were compared against protein maps generated from trophozoites that had been incubated for 48 hr in a high bile media (Kim, et al., 2009 ). The high bile preparation used by Kim et al. (2009) would include trophozoites, encysting trophozoites and cysts. Twenty protein spots up regulated during encystation were investigated using MALDI-ToF mass spectrometry with 14 individual proteins identified. These included cytoskeletal proteins (beta giardin, beta tubulin and alpha 1 giardin), metabolic enzymes (ornithine carbamoyl transferase and vacuolar ATPase catalytic subunit A), heat shock proteins (HSP-70 and HSP-90 alpha) and a cell cycle related protein never-in-mitosis A (NimA) related protein kinase (Nek) (Kim, et al., 2009 ).
As with the study of Palm et al. (2005) investigating developmental changes in the cytoskeleton, Kim et al. (2009) studied the level of mRNA transcripts for several of the proteins up regulated during encystation using a reverse transcriptase quantitative PCR.
The heat shock proteins HSP-70 and HSP-90 both showed an increase in expression 6 hrs post induction with levels reducing at 10 and 12 hrs but remaining above those seen in trophozoites (Kim, et al., 2009) . This increase in expression may not be directly related to the encystation process but rather a response to the severe conditions of the high bile media. Beta tubulin, Nek and vacuolar ATPase all showed no significant increase in gene expression, however as mentioned previously, levels of mRNA are not always indicative of protein levels.
The susceptibility of isolates to metronidazole has also been linked to the protein complement of the trophozoite. A study of two G. duodenalis isolates axenised from a patient prior to and following treatment with metronidazole showed variation in surface proteins and genetic composition (Butcher, et al., 1994) . Radioiodination of the surface proteins of the trophozoites displayed a major protein band at 70 kDa and several minor bands of 82, 58 31 and 22 kDa for the metronidazole susceptible isolate. The isolate axenised following treatment with metronidazole had a major protein of 24 kDa with minor bands of 28 and the 70 kDa proteins (Butcher, et al., 1994) . None of these protein differences were characterised further, although DNA fingerprinting with an M-13 bacteriophage probe did highlight some genetic difference between the isolates indicating that the variation in metronidazole sensitivity may be linked to the genetic variation.
Host-Parasite Interactions
Utilising proteomics it is also possible to identify the proteins that the host mounts an immune response against during an infection. These proteins may be used as targets for vaccine or drug development. Separated proteins from both SDS-PAGE and 2D-PAGE can be transferred to membranes and reacted with patient sera to identify those proteins the host antibodies recognise. Such techniques have been utilised in protein research since the late 1970's. In several early studies immunological response was used for typing of different strains of G. duodenalis (Capon, et al., 1989 , Nash and Keister, 1985 , Smith, et al., 1982 . The specific antigens seen where not characterised further. Several other studies have performed some characterisation of specific antigens identified from SDS-PAGE western blots with major antigens identified including; a 170 and a 155 kDa protein (Torian, et al., 1984) , a 57 kDa protein (Char, et al., 1991) , a range of proteins between 30 and 34 kDa (Janoff, et al., 1989 , Wenman, et al., 1993 and an 8 kDa fatty acid binding protein (Hasan, et al., 2002) .
In the post genomic era the major G. duodenalis trophozoite proteins that bind to human antibodies have been investigated in two studies, one using IgG (Palm, et al., 2003) and the second using IgM (Tellez, et al., 2005) with 2D-PAGE western blots. Major antigens in both studies were identified using mass spectrometry. Proteins identified included several structural proteins (tubulin, alpha giardins, beta giardin and SALP-1), metabolic enzymes (arginine deiminase, ornithine carbamoyl transferase, enolase, uridine phosphorylase like protein and fructose-1,6 bisphosphate aldolase), the 2 Giardia trophozoite antigens (GTA-1, GTA-2) and a variant surface protein (Palm, et al., 2003 , Tellez, et al., 2005 .
The proteins released by G. duodenalis upon exposure to host cells have been characterised in a study by Ringqvist et al. (2008) . These proteins are commonly referred to as the excretory/secretory proteins or ESP. In the study by Ringqvist and co-workers, trophozoites were incubated with CaCo-2 cells in serum free media and proteins extracted from the growth media and analysed using 2D-PAGE. Five protein spots were identified by mass spectrometry, 3 of which are G. duodenalis proteins, with the other two being human derived (Ringqvist, et al., 2008) . The three G. duodenalis proteins, ornithine carbamoyl transferase (OCT), arginine deiminase (ADI) and enolase, are all metabolic enzymes. They were also found in the intestine of mice infected with G. duodenalis (Ringqvist, et al., 2008) and have previously been shown to be dominant antigens during human infection (Palm et al., 2003) . The ADI and OCT may have a role in reducing arginine levels within the small intestine, promoting apoptosis of host cells and reducing the amount of nitric oxide produced in the small intestine (Ringqvist, et al., 2008) . Overall, the level of ESP increased dramatically when the trophozoites were exposed to the monolayers, indicating that the trophozoites are actively releasing these proteins into the media in a response to the cells.
One potential toxic protein has been identified in the ESP of G. duodenalis trophozoites (Shant, et al., 2002) . A 58 kDa protein was identified in the ESP which caused morphological changes to intestinal cell monolayers and caused fluid accumulation in the small intestine of mice (Shant, et al., 2002) . Edman degradation was performed to identify the protein; however the amino acid sequence derived, ADFVPQVST, did not match any sequence in the G. duodenalis genome or the NCBI database (Shant, et al., 2002) .
The mechanism behind attachment of the trophozoite to a surface is also poorly defined.
A recent study using SDS-PAGE found that trophozoite clones of the WB isolate that showed decreased efficiency in adhesion to cell monolayers were missing a 200 kDa protein (Hernandez-Sanchez, et al., 2008) . When western blots were performed on SDS-PAGE separated proteins with an antibody produced against the 200 kDa protein, no reaction was seen in the adhesion deficient clones (Hernandez-Sanchez, et al., 2008) . The clones that lacked the 200 kDa protein also had a reduced ability to establish infection in gerbils, indicating that this protein plays a key role in the attachment of trophozoites to the intestine and possibly in preventing clearing of the parasite from the gut.
Protein Variation
Protein variation was commonly used in the pre-PCR era to study diversity amongst isolates of G. duodenalis (Adam, et al., 1988 , Bruderer, et al., 1993 , Capon, et al., 1989 , Moore, et al., 1982 , Nash and Keister, 1985 ACCEPTED MANUSCRIPT , Wenman, et al., 1986 . Protein variation is separate from genetic variation as many genetic differences have no affect on the protein encoded (silent mutations) and some protein variants can be due to post translational modifications which can not be determined from the genetic code. There has also been a concerted effort to characterise a group of proteins known as the variant-specific surface proteins or VSPs. The VSPs are of interest as isolates are able to change the major VSP proteins exposed on their surface, in an attempt to evade the host immune system. This group of proteins and the variation seen within and between isolates has been reviewed previously (Nash, 2002) .
Several different criteria have been used to try and determine differences in SDS-PAGE protein profiles, including geographical location, host species, clinical symptoms and more recently assemblage. No significant correlation has been seen according to the geographical location or the symptomatology of the isolates under investigation (Capon, et al., 1989 , Smith, 1985 . There is contradictory evidence as to the correlation between host species and protein profile. A study of isolates from beaver, muskrat, dog, sheep and human sources in Alberta, Canada found no significant difference in protein profiles (Wenman, et al., 1986) . This is contrasted by a study of human, cat, beaver, sheep, dog and muskrat isolates that identified a 35 kDa protein missing from the three cat isolates tested, which was observed in the other 48 isolates examined (Capon, et al., 1989) .
Interestingly these three isolates all belong to assemblage A; it is not known whether the loss of the 35 kDa protein is required for maintaining infection in cats, due to host pressure, or if it is just coincidence. In general, proteins within the area of 30 and 35 kDa have been seen to show more variation between isolates, however individual proteins were not identified (Capon, et al., 1989 , Smith, et al., 1982 , Wenman, et al., 1986 . One study has investigated the level of protein variation of isolates from defined assemblages, focusing on the human infective assemblages A and B. Within the assemblages, using SDS-PAGE separation, the protein profiles were homogenous, where as between assemblages several differences were evident (Steuart, et al., 2008) . One assemblage A specific protein was identified as alpha 2 giardin, a cytoskeletal protein, that was previously shown to be immunodominant (Palm, et al., 2003) . The assemblage lack of alpha 2 giardin in assemblage B was confirmed using PCR based methods. In the 2D-PAGE analysis several assemblage B spots were evident but these were unable to be identified, as no homologues existed in the current databases, since genomic data is only available for assemblage A (Steuart, et al., 2008) .
A larger degree of variation between isolates of Giardia duodenalis has been observed using western blot analysis. A study by Smith et al. (1982) was unable to find variation at the protein level using SDS-PAGE analysis. The same protein preparations were then immunoelectrophoresed using antibodies raised in rabbits against the WB isolate with several differences seen between isolates (Smith, et al., 1982) . Further to this very little variation was detected among 37 human derived isolates by Capon et al. (1989) using SDS-PAGE, whereas western blotting with rabbit antibodies raised against a clone of the BRIS/83/HEPU/99 isolate revealed significant variation. One isolate, BAH 12, lacked seven antigens that were present in all other isolates. Variation in antigenic response has also been demonstrated for the excretory secretory products, where the cross reactivity of antibodies raised against specific isolates was tested (Nash and Keister, 1985) . The groupings based on cross reactivity correlated with those derived from whole genome restriction fragment length polymorphism analysis (Nash and Keister, 1985) . Several factors could account for the difference in results based on standard SDS-PAGE or western blot analysis. Commonly with SDS-PAGE more than one protein will migrate at a given point, this may mask protein variation if the missing protein has the same molecular mass as other proteins. The antibody response could be directed against a post translational modification which may not show variation using SDS-PAGE, again masking the variation.
With the increasing power of mass spectrometry and bioinformatics the use of gels to separate proteins for comparative studies is diminishing. Mass spectrometry can be used to produce a protein fingerprint for a given organism which can be compared between isolates or species. This is being used as a novel typing tool for some organisms (Villegas, et al., 2006) . The protein fingerprints of G. duodenalis and the murine specific species, Giardia muris, have been compared to elicit species specific peaks. Giardia duodenalis cysts had 20 major peaks ranging from 3.5 to 18 kDa, eight of which were species-specific and 16 major peaks for the G. muris cysts 4 of which were species specific (Villegas, et al., 2006) . This technique has the ability to be used for high throughput identification and typing of cysts from semi purified samples, as it has been used for identification of intact micro-organisms in previous studies (Fenselau and Demirev, 2001, Shaw, et al., 2004) .
Work for the Future
Proteomics is a burgeoning area in research however there is still much more that needs to be performed with Giardia. Proteomic analysis of G. duodenalis is still far behind that of other parasitic infections; Plasmodium sp., Leishmania sp., and more recently Toxoplasma gondii and Cryptosporidium parvum, where great inroads have been made into producing functional proteomes of the parasites , Drummelsmith, et al., 2003 , El Fakhry, et al., 2002 , Nirmalan, et al., 2004 , Nugent, et al., 2004 . The studies by Xia et al (2008) and Sanderson et al (2008) examining T. gondii and C. parvum respectively are of special note. These studies were both performed using a multi-platform proteomics approach, utilising SDS-PAGE, 2D-PAGE and MudPIT and generated a vast amount of data covering approximately 30% of the predicted proteomes for each organism. These multi platform whole proteome investigations give valuable information as to biological level of protein expression, not inferred data from transcriptomic analysis. This data can highlight key metabolic pathways within the parasites which could be targeted as novel drug and vaccine candidates (Drummelsmith, et al., 2003) . Also the post translational modification state of proteins can be deduced, which may affect the activation state of the protein, allowing monitoring of the flux of protein activation under given stimuli.
With an increased amount of proteomic information being generated there is also the need to collate this data and integrate it with genomic data. Databases such as ToxoDB for T. gondii and CryptoDB for Cryptosporidium sp. display whether there is proteomic data available for genes within the database. GiardiaDB is now being managed by the same group as CryptoDB and ToxoDB (Eukaryotic Pathogens Database Resources www.eupathdb.org) so it is likely that the same integration of genomic and proteomic will occur on GiardiaDB.
By repeating some of the early proteomics experiments in todays research setting, especially with the improvements in protein identification, many of the proteins proposed as being important in previous studies could be identified back to the genome. This is especially true for the studies of immunogenic proteins (both variation in immune response and uncharacterised antigens) (Capon, et al., 1989 , Char, et al., 1991 , Janoff, et al., 1989 , Torian, et al., 1984 , Wenman, et al., 1993 , the 58 kDa toxic protein (Shant, et al., 2002) and host specific protein variation (Capon, et al., 1989) . By identifying the immunogenic proteins novel vaccine candidates could be developed. The 58 kDa toxic protein is of special interest as it is the only G. duodenalis protein reported to have a biological effect. As such it represents a major protein in understanding the pathogenesis of G. duodenalis infections. Identifying the 35 kDa protein, that was absent from cat samples in the study of Capon et al. (1989) , may help in the understanding the varying host range of the assemblages.
Future directions in comparative analysis should focus on comparing the human infective and non-human infective assemblages. Such studies have the potential to highlight those proteins required for human infection, which could then be targeted as potential vaccine and drug candidates. A great deal of genomic work, however, needs to be completed to fully take advantage of any data produced from future comparative proteomic work. As protein identification relies upon some prior knowledge of sequence data, genomic data for the other assemblages, particularly assemblage B is needed. Also for proteomic studies, especially for 2D-PAGE analysis, there is a need for a large amount of pure protein. It is currently possible to culture three of the seven assemblages, A, B and E, to obtain sufficient amounts protein. For investigations of other assemblages samples must be purified from faecal material which is problematic and can often lead to contaminated protein samples. Further development in culture techniques along with genomic analysis is therefore needed with the other assemblages to enable further comparative proteomic analysis of isolates unable to infect humans.
